FIELD CORN, Zea mays L., is the leading row crop in Nebraska and a major crop in the United States. In the western Corn Belt, growing corn in the same field for 2 or more successive years (continuous corn) is the best economic option for many producers. In continuous corn, root feeding by larvae of the western corn rootworm, Diabrotica virgifera virgifera LeConte, can cause substantial injury to corn plants (Sutter et aL 1990; Spike and Tollefson 1991a; Godfrey et aL 1993a, b) and reduce yields (Spike and Tollefson 1991b, Godfrey et aL 1993b) . Crop losses and control expenses attributed to corn rootworms annually cost producers millions of dollars.
Insecticides are often applied to continuous corn to manage corn rootworms. One approach is to apply a soil insecticide at planting or 1st cultivation to control larvae in the root zone (Mayo and Peters 1978) . An alternative strategy is to use a foliar insecticide to suppress adult corn rootworm populations and reduce egg laying so that larval populations will not cause economic loss the following season (Pruess et al. 1974) .
In Nebraska, planting-time applications of soil insecticides were initially used during the late 1940s to This article reports the results of research only. Mention of a proprietary product does not constitute an endorsement or a recommendation by USDA for its use. control corn rootworm larvae in continuous corn. Soil applications of organochlorine insecticides (e.g., BHC, aldrin, heptachlor) were commonly used by 1954 (Metcalf 1986 ). Ineffective control of western corn rootworm larvae was first detected in 1959 in south-central Nebraska. By 1963, high levels of resistance to aldrin had been documented (Ball and Weekman 1963) , and a crisis developed because the insecticide products available to growers did not provide adequate corn rootworm controL The area infested with the resistant strain expanded rapidly, and by 1980 it covered most of the u.s. Corn Belt (Metcalf 1986 ).
Western corn rootworm populations are still resistant to organochlorine insecticides, even though organochlorine insecticides have not been used for corn rootworm control for many years; this includes populations from geographic areas where the species has immigrated since organochlorine use ended (Siegfried and Mullin 1989) .
When western corn rootworm resistance to organochlorine insecticides became apparent in the 1960s, producers in south-central Nebraska started to use aerial applications of insecticides to suppress beetle populations and subsequently manage larval damage the following season (Meinke 1995) . Various studies demonstrated that adult corn rootworm populations could be greatly reduced by aerial applications of insecticides (Hill et aL 1948 , Mayo 1976 , Union Carbide 1977 , and Pruess et aL (1974) documented that the adult corn rootworm management strategy could be used to prevent economic damage from larval feeding the following season. This practice, used in con-r-- junction with scouting of fields to determine beetle densities and to identify fields exceeding thresholds, is currently being used or recommended by a growing number of professional crop consultants in Nebraska and several other Corn Belt states (Meinke 1995) . Carbamate and organophosphate insecticides that eventually replaced the organochlorine insecticides were used extensively in Nebraska from the 1970s to early 1990s and generally provided good adult and larval corn rootworm control (no indication of resistance). Penncap M (encapsulated methyl parathion, Elf Atochem, Philadelphia, PA) is the most commonly used product for adult control in beetle spray programs because of its low price and relatively long residual activity in the field. Carbaryl (Sevin 4-0il, Rhone-Poulenc, Research Triangle Park, NC) has historically been used for beetle control and now is the active ingredient in the recently introduced semiochemical-based bait SLAM (MicroFlo, Lakeland, FL) that also is registered for beetle control.
During the last 5 yr, reports of insecticide control failures have increased in parts of Nebraska where beetle spray programs have been used for many years (Wright et al.I996) . In some locations where Penncap M is heavily used, both the rates of application and the number of applications per season have increased as a result of reduced product efficacy. In response to this situation, a project was initiated to determine if adult western corn rootworm populations had developed resistance to selected insecticides in Nebraska. This article reports the results of 1995 bioassays that were conducted to estimate the susceptibility of adult western corn rootworm populations from selected areas of Nebraska to 3 adult rootworm insecticides. (Fig. 1 , numbers 6 and 9, respectively). The Phelps County site was in an area where Penncap M had been used extensively and poor beetle control had been reported. The Clay County population was collected from the University of Nebraska, South Central Research and Extension Center farm where, historically, only soil insecticides have been used for corn rootworm control. At least 500 beetles were collected per site and then shipped to the USDA-ARS Northern Grain Insects Research Laboratory in Brookings, SD, where beetles were maintained for oviposition. Approximately 50,000 eggs were obtained from each population; standard procedures were used to collect and maintain eggs until termination of diapause and to rear F 1 individuals to adults (Jackson 1986) .
The F 1 adults were shipped to the University of Nebraska and bioassayed with technical-grade methyl parathion and carbaryl. Each bioassay consisted of 5 insecticide doses plus an acetone control. All bioassays had at least 3 doses that caused a range of mortality >0 and <100% for each colony. Each bioassay was replicated 3 times with 10 beetles per dose. This procedure was repeated twice for carbaryl and 3 times for methyl parathion on different days. Beetles were ran- b Values followed by the same letter within a column for each insecticide are not significantly different (P > 0.05).
c Significance of differences determined by likelihood ratio test for parallelism (Savin et al. 1977) . d Significance of differences determined by likelihood ratio test for equality followed by pairwise comparisons by using non-overlapping fiducial limits (Savin et al. 1977) .
e Nanograms of toxicant per milligram insect.
domly selected from each colony and anesthesized by refrigeration. Male and female beetles were pooled because preliminary experiments indicated that there were no apparent differences in susceptibility among sexes (L.J.M. and B.D.S., unpublished data). Insecticide dilutions in acetone were applied to the ventral abdomen in a 0.5-J.d droplet, and control insects received 0.5 JLI of acetone. Beetles were provided with a moistened cotton dental wick and held at 22 ± 0.5°C in constant darkness after treatment. Mortality was evaluated after 24 h and based on the inability of beetles to respond to probing. Thirty randomly selected beetles per colony were weighed during each bioassay to determine the mean insect weight that was used when calculating lethal dose values. Field Survey. As a follow-up to theF 1 colony bioassays, field-collected beetles were bioassayed from populations obtained during the 26 July-24 August period from 16 sites across Nebraska (Fig. 1) ; 2,000-3,000 beetles were collected at each site. Sites were selected to represent the major com production areas of the state and to compare populations inside and outside of areas where beetle control problems had occurred. To obtain a representative sample of each population, collections were made before beetles were exposed to aerial insecticide applications and after a significant amount of adult emergence had occurred. Beetles were returned to the laboratory and maintained on a standard diet oflettuce, ground com, and bee pollen to minimize potential differences in feeding history prior to collection. Initial bioassays were conducted within 2-5 d of field collection.
Western com rootworm beetles were bioassayed with technical grade methyl parathion, carbaryl, and bifenthrin. These pesticides represent the 3 classes of insecticides currently used for beetle control. Bioassays were conducted as previously described for F1 colonies except that each bioassay was replicated 4 times with 10 beetles per dose. The entire procedure was repeated twice on different days.
Statistical Analyses. Data were analyzed by probit analysis (Finney 1971) as adapted for PC use (POLO-PC, LeOra Software 1987) . The significance of differences among slopes for the populations bioassayed was determined by the likelihood ratio test for parallelism, and significance of differences among LD so values was determined by the likelihood ratio test for equality with pairwise comparisons determined by nonoverlapping confidence intervals (Savin et al. 1977) . For each insecticide in the field survey, correlation analysis (SAS 1985) was used to determine if there was a significant relationship between LD so values and slopes of the dose mortality curves. A significance level of P < 0.05 was used for all analyses.
Results F 1 Colony Bioassays. The Phelps County population had Significantly larger LD so and LD go values than the Clay County population for both methyl parathion and carbaryl (Table 1) . The relative differences between population LD so and LD 90 values were much greater for methyl parathion (34.8-and 70.8-fold, respectively) than for carbaryl (6.5-and 5.8-fold, respectively). Slopes of the dose mortality curves were significantly different among populations in the methyl parathion bioassay but were parallel in the carbaryl bioassay (Table 1) .
Field Survey. Bioassay data were obtained from 16 sites for methyl parathion (Fig. 1) , 15 sites for carbaryl (Fig. 1, number 6 not included), and 13 sites for bifenthrin (Fig. 1, numbers 3, 6 , and 15 not included). Results indicate that susceptibility levels of western com rootworm beetles to each insecticide were variable across collection sites (Tables 2-4). Methyl parathion, carbaryl, and bifenthrin LD so values ranged from 0.49-8.08 ng/mg, 7.43-69.87 ng/mg, and 0.24-0.99 ng/mg, respectively (Tables 2-4). Across populations, a significant correlation between LD so values and slopes of the dose mortality curves occurred with methyl parathion (r = -0.59, P = 0.0165, n = 16) but not with carbaryl (r = -0.27, P = 0.3246, n = 15) or bifenthrin (r = 0.38, P = 0.1976, n = 13).
Five of the 7 populations with the largest methyl parathion LD so values had slopes <3.00 (Table 2 , numbers 4, 6, 10, 12, 13) whereas the 9 populations with the smallest LD so values had slopes between 3.00 and 5.10 ( Table 2) .
The largest relative differences in susceptibility among populations occurred with methyl parathion. " For each population, n = 400: relative location of populations shown in Fig. 1. b Values followed by the same letter within a column are not significantly different (P > 0.05).
e Nanograms of methyl parathion per milligram insect.
The largest LD so values for methyl parathion were recorded from populations in York (11 and 12) and Phelps (5 and 6) counties (Table 2 ). These populations were 9.1-to 16.4-fold more tolerant than the most susceptible population located in Saunders County (15). The LD so values of populations 4-6 and 10-13 were all significantly greater than the LD so values of the remaining populations (Table 2) . Populations 1-3, 7-9, and 14-16 were relatively susceptible to methyl parathion «2-fold difference in susceptibility). Populations collected from the geographical areas with the largest methyl parathion LD so values also had the largest carbaryl LD so values (Tables 2 and 3) . Populations 4, 5, 11, and 12 had LD so values 7.4-to 9.4-fold greater than the most susceptible population (16). The carbaryl LD so values of populations 4,11, and 12 were significantly greater than the most susceptible populations (Table 3 , numbers 1, 3, 7-9, 14-16).
The dose responses of beetles to bifenthrin were more homogeneous across populations than either methyl parathion or carbaryL Populations were relatively susceptible to bifenthrin; however, the largest bifenthrin LD so values occurred in the same geographical areas where the largest methyl parathion and carbaryl LD so values were recorded (populations 4,5, and 11-13 were 2.8-to 4.2-fold more tolerant than the most susceptible population [8] ). The LD so values of populations 11-13 were significantly greater than the most susceptible populations (Table 4 , numbers 1, 2,7-10,14, and 16). " For each population, n = 400 except population #3 where n = 200; relative location of populations shown in Fig. 1. b Values followed by the same letter within a column are not significantly different (P > 0.05).
e Nanograms of carbaryl per milligram insect.
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Discussion
The results ofthis investigation strongly suggest that management practices used for control of western corn rootworm populations have selected for significant levels of resistance to methyl parathion, carbaryl, or both in certain areas of Nebraska. The significantly greater LD so values of populations from Phelps and York counties (see Fig. 1 , numbers 4-6, 11, 12) are closely associated with the areas where control failures have been commonly reported. These counties, especially Phelps, include areas with a long history of continuous corn where the adult management strategy has been used for >20 yr. Aerial applications of formulated carbaryl and more recently methyl parathion have placed annual selection pressure on beetle populations. In contrast, other areas of the state where the western corn rootworm remains susceptible to these compounds rely more extensively on soil insecticides or on crop rotation to manage rootworms. In areas where soil insecticides are commonly used, the selection pressures from this control strategy are probably less severe than adult management because the soil-applied insecticides protect only a portion of the roots (band or in-furrow application) allowing a significant proportion of the larval population to develop and emerge as adults (Sutter et al. 1991) . The strong relationship between increased tolerance, areas of control failures, and long-term use of adult management programs provides convincing evidence that resistance has developed in rootworm populations in Nebraska.
The bioassays of F 1 progeny from the 1994 Phelps County collection exhibited higher levels ofresistance to methyl parathion than seen in the 1995 bioassays of Phelps County field-collected beetles. The F1 colony results support our conclusion that resistance is present in certain areas of Nebraska especially because the trait is heritable. The F3 generation from the Phelps County population (Fig. 1, number 6 ) exhibits similar levels of resistance (L.J.M. and B.D.S., unpublished data). The higher levels of resistance detected in progeny of the 1994 Phelps County collection may be related to the timing of the initial field collection because beetles were collected in late August after the field had already received 2 applications of Penncap M. As a result, only the most resistant beetles were probably used to initiate the colony as opposed to the 1995 collections, which were obtained earlier in the season prior to insecticide applications. These results indicate that the level of resistance observed among 1995 field populations may not have reached a maximal level. This conclusion is supported by the significant correlation between susceptibility and slope of the log dose-mortality curves observed for methyl parathion. Significantly lower slopes observed for many resistant populations (Table 2) suggest that a higher degree of heterogeneity in toxicological response occurs in resistant than in susceptible populations. The relatively high proportion of susceptible genotypes still present in resistant populations also suggests that the resistance is still in the early stages of development.
It is difficult to draw any firm conclusions about the nature of the resistance at this time. Because the populations have been exposed to multiple active ingredients, it is not possible to distinguish between a single resistance mechanism that confers cross-resistance among different insecticide classes and multiple resistance mechanisms with broad effects. Significant levels of resistance to both carbaryl and methyl parathion suggest insensitivity of acetylcholinesterase, the target for both classes of insecticides (Matsumura 1985) . However, populations exhibiting resistance to carbaryl and methyl parathion also exhibited elevated LD so values for bifenthrin. Bifenthrin and other pyrethroids have not been used extensively in these areas, and it is unlikely that resistance has developed in response to these compounds. Therefore, the mechanism (s) that confer resistance to carbaryl and methyl parathion may be affecting bifenthrin susceptibility, which is more indicative of a nonspecific metabolic detoxification mechanism. Clearly, further investigation of resistance mechanisms in this species is essential to increase our understanding of the cross-resistance spectrum and to enable effective management decisions to be made.
Interestingly, sites identified with rootworm populations resistant to methyl parathion and carbaryl are in the same areas of Nebraska where cyclodiene resistance was first reported (Ball and Weekman 1963) . At present, we believe that the resistant populations represent a very localized problem, as beetles collected from South Dakota, Iowa, and Kansas appear to be susceptible (unpublished data). However, given the historical spread of cyclodiene resistance in this species, management programs that minimize selection pressures and maintain the localized nature of the problem would seem to be warranted. Western corn rootworm resistance and subsequent control failures in Nebraska have had a significant impact on the affected areas. A number of aerial applicators are experimenting with new insecticide tank mixes, and there is a strong interest in finding economic alternatives to Penncap M. Many crop consultants in the affected areas are considering changes in rootworm management or have already recommended changes to clients. A number of growers have adopted soil insecticides as a management option, and some fields have been rotated out of corn for the first time in many years.
Rootworm resistance also has affected adult management programs that use behavioral baits that rely on cucurbitacins as feeding stimulants for delivery of the active ingredient carbaryl. For example, the bait formulation Slam was not marketed in Nebraska in 1996, and the utility of proposed areawide management programs relying on current behavior-based formulations has been viewed impractical for areas where resistance has been identified.
A better understanding of beetle movement, resistance inheritance patterns, and resistance mechanisms will improve our ability to make predictions about the potential spread ofresistance. The relatively close proximity of susceptible and resistant populations (Fig. 1, numbers 3 , 7, 8 versus 4, 5, 6, respectively) raises questions about the amount of population mixing that takes place in and around Phelps County. Beetle movement from population to population may be occurring at lower rates than might be expected based on the species known ability to migrate (Coats et al. 1986, Grant and Seevers 1989) .
It is also important to understand the relationship between adult and larval corn rootworm susceptibility to insecticides within affected areas because most currently registered soil insecticides are in the same insecticide class (Le., organophosphates) as methyl parathion. Preliminary laboratory bioassays indicate that larval progeny from methyl parathion-resistant adults are more tolerant than progeny from susceptible adults to the active ingredients in selected soil insecticides, but the intensity of this relationship varies across compounds within and among insecticide classes (L.J.M. and B.D.S., unpublished data). Growers in most of the Corn Belt rely on soil insecticides to manage corn rootworms in continuous corn; thus, the current resistance situation could have regional implications ifresistant populations eventually move into other states.
Currently, resistance monitoring techniques are being developed to document more clearly the extent and distribution of the resistance problem in Nebraska. As the situation is more completely understood, we will be in a better position to identify appropriate strategies to follow to minimize the spread and negative impacts of the problem.
